The pathogenesis of clinical pulmonary edema is considered in the light of recent physiologic and anatomic insights. Pulmonary edema is depicted as a persistent imbalance between the forces that move water into the extravascular spaces and the biologic devices for its removal. In the normal lung, intricate anatomic arrangements coupled with elaborate physiologic mechanisms maintain the gas-exchanging surfaces moist and free of excess protein. A transient excess of water in the interstitial space is associated with an increase in lymphatic flow. Should the excess rate of formation persist or increase, pulmonary edema may become manifest clinically, first as interstitial edema and then as alveolar and airway edema. The distribution of edema within the lung may be nonuniform, often favoring the central portions early in its genesis but later redistributing under the influence of gravity. A critical limitation in anatomic design is imposed by the narrow channels through which lymph passes out of the thorax into systemic veins. Accordingly, the pulmonary lymphatic system, which seems better su:ted to return proteins than water to the systemic circulation, may become a limiting factor in relieving pulmonary edema in states of unremitting water movement into the extravascular spaces.
edema and then as alveolar and airway edema. The distribution of edema within the lung may be nonuniform, often favoring the central portions early in its genesis but later redistributing under the influence of gravity. A critical limitation in anatomic design is imposed by the narrow channels through which lymph passes out of the thorax into systemic veins. Accordingly, the pulmonary lymphatic system, which seems better su:ted to return proteins than water to the systemic circulation, may become a limiting factor in relieving pulmonary edema in states of unremitting water movement into the extravascular spaces.
The anatomic and physiologic principles are then applied to current clinical enigmas, such as "shock lung," high-altitude pulmonary edema, and the edema that follows an overdose of narcotic agents, such as heroin. In "shock lung" after severe systemic hypotension, nonuniform pulmonary hypoperfusion is identified as the critical pathogenetic factor in the pulmonary edema that occurs during recovery, i.e. after systemic blood pressures have been restored to normal by large transfusions. The corresponding etiologic role for high-altitude pulmonary edema is attributed to anatomic variations in precapillary resistances in the lungs during a burst of severe pulmonary hypertension. The situation is more complicated for the pulmonary edema that follows narcotic overdosage since not only may the medication elicit severe respiratory depression, arterial hypoxemia, respiratory acidosis, and their sequelae-left ventricular failure, leakage of minute pulmonary vessels, and impaired lymphatic drainage-but the selfadministered medication may be contaminated with substances that may, per se, cause minute pulmonary vessels to leak.
I N THE LUNGS, as in the gills, gas exchange occurs across thin moist membranes.' For these membranes to operate effectively, they must be kept free of flooding. The fundamental mechanism by which undue accumulation of water is avoided is a precise balance of hydrostatic and osmotic forces across capillary walls that behave physiologically as though they are impermeable to protein. 2 Nevertheless, some water (and protein) does escape from the capillary into the alveolar septum. To cope with these leaks, which would ultimately derange gas exchange, the lung is bailed out by an elaborate system of lymphatics that returns to the systemic veins the extract of plasma that is left behind in the pulmonary interstitial space by blood streaming through the pulmonary capillaries.
Subsidiary devices, to be considered subsequently, complete the apparatus for maintaining the alveolar-capillary surfaces moist but unflooded. The net effect of these contrivances is that the quantities of extravascular water and proteins in the normal lung remain quite stable from day to day, even though they may fluctuate transiently in the course of daily activities. In disorders, such as heart failure or emphysema, the levels are reset.3 However, variations in lung water are usually too subtle to detect until the extravascular water space has doubled or tripled. Consequently, clinical criteria for pulmonary edema are more apt to identify waterlogging of the lungs than an early stage of water excess.
Ever since Welch showed experimentally that acute left ventricular failure caused flooding of the lungs,4 cardiologists have accepted increased hydrostatic pressures as the most important cause of clinical pulmonary edema. Subsequently, others identified a second major category in which alveolarcapillary barriers became extraordinarily pervious because of injury by toxic inhalants. 5 Since then, clinicians have found it expedient to distinguish between "hemodynamic" and "'permeability" types of pulmonary edema.
In recent years, attention has focused on novel varieties of pulmonary edema that are not readily sorted into either of these two categories. Among these are the high-altitude pulmonary edema, "shock lung," and the pulmonary edema that complicates overdosage of heroin. The failure of traditional concepts to account for these dramatic forms Circulation, Volume XLVI, August 1972 of pulmonary edema has not only stimulated research into their pathogenetic mechanisms but has also prompted reexamination of conventional notions about water exchange and accumulation in the lungs.
The present essay takes advantage of recent insights into physiologic mechanisms and ultrastructure in order to depict a personal view of pulmonary edema and water exchange in the lungs. It is not a comprehensive survey; for this the reader is referred elsewhere.6' 7 Instead, by using the traditional concepts of hemodynamic and permeability pulmonary edema as contraposts, it will attempt to provide a general scheme to which the various forms of clinical pulmonary edema can be related.
General Considerations
Functional Anatomy of the Alveolar-Capillary Interfaces Fluid exchange in the lungs occurs in the vicinity of gas exchange. Relationships between structures that are involved in both processes may be best appreciated in an edgeon view of the alveolar septum ( fig. 1) . Capillaries, no different from those found in muscle, are eccentrically incorporated into the alveolar septum so that three distinct functional zones may be identified: a thin side of the alveolar-capillary barrier for gas exchange, and a thick side, which serves both for support and for water exchange ( fig. 2) interstitial space in water exchange will be considered subsequently.
Thin Side for Gas Exchange
The capillary network is suspended on either side of the alveolar-septal wall, beneath the alveolar surface. In figure 1 , the thin aspect of the capillary wall is seen bulging into the alveolus. In contrast to the opposite thick side, the interstitial space on the bulging side is exceedingly thin (300-500 A) consisting of fused alveolar and endothelial basement membranes. Accordingly, the thin side of the alveolar-capillary septum is made up of only three anatomic layers (alveolar epithelium, capillary endothelium, and their fused basement membranes), an arrangement which provides the lungs with an enormous expanse for gas exchange without the encumbrance of excessive mass.'1 Clearly, for the thin side of the capillary wall to function effectively in gas exchange, it must not thicken unduly and it must resist the passage of water into alveoli. The ultrastructural design of the alveolar septum provides for this contingency by including preferential channels which direct excess water to the thick side for disposal. basement membranes. Consequently, five discrete layers separate alveolar air from capillary blood in this region of the alveolar-capillary barrier: alveolar epithelium, basement membrane, interstitial space, basement membrane, and capillary endothelium. By this construction, the thick side of the alveolarcapillary membrane not only provides support for the capillary network, but is also an essential component of the water-exchanging apparatus of the lung, operating to expedite the exit of water and protein from the interstitial space of the alveolar septum toward lymphatic capillaries and interstitial spaces elsewhere. Indeed, the system for dispatching excess water from the alveolar septum is so efficient that fluid accumulation may be most marked in remote interstitial spaces around large vessels and bronchi even though it gained access to the interstitial space via alveolar-capillary walls.12
With respect to permeability, the alveolarcapillary membrane behaves like a cell membrane rather than like a conventional muscle capillary. Since the alveolar capillary has no distinctive anatomic or functional features, it is reasonable to conclude that any special behavior with respect to passage of water, electrolytes, or colloids is attributable to the alveolar rather than to the endothelial components.
Interstitial Edema Figure 3 illustrates the ultrastructural localization of pericapillary interstitial edema produced experimentally by a combination of increased pulmonary capillary pressure and hemodilution. 13 The thick side of the capillary wall is widened and the collagen fibers are separated presumably by imbibition of water10 However, the thin side of the capillary is not expanded, preserving its structure for gas exchange. It should be noted that such changes are not detectable by conventional histologic technics.
Surfactant
Not shown in figures 1 and 2 is an amorphous biochemical layer that lines the alveoli. In this layer is a lipoprotein complex, Interstitial pulmonary edema. The interstitial space (IS) of the thick portion of the alveolar septum has been considerably widened by edema fluid during hemodynamic pulmonary edema whereas the opposite thin part, containing the fused basement membranes (BM), remains anchanged in thickness. In The solution to this dilemma, originally advanced by Drinker on the basis of animal experiments22 and supported by more recent observations on man,23 seems to be that the ceiling for lymphatic drainage is set by the relatively small calibers of the thoracic and right lymphatic ducts ("exit lymphaties"). In chronic left ventricular failure, the entire lymphatic system proliferates and the exit lymphatics increase in caliber. 20 Nonetheless, enlargement of the exit lymphatics apparently remains inadequate to keep the lungs free of excess water.
Systemic venous hypertension, as seen in patients with isolated right ventricular failure, does not impede the outflow of lymph from the lungs enough to make excess water in the lung a clinical problem. Presumably, the combination of tachypneic ventilatory movements and muscular contraction of the walls of the large lymphatics suffices to keep the lungs free of edema; whether extraordinary levels of venous pressure, such as occur when tricuspid valvular insufficiency supervenes, can also be discounted, is unknown. On the other hand, in disorders of the left side of the heart that increase the entry of water into the interstitial space, clinical pulmonary edema may be abetted by systemic venous hypertension and the impediment that it affords to lymphatic drainage.23
Uypercapnia in Pulmonary Edema
Clinicians have recently been alerted to the prospect of CO2 retention in pulmonary edema.24 The anatomic considerations presented above provide a basis for predicting when this will occur. Thus, during the phase of interstitial and alveolar edema, which is generally spotty in distribution, reflex hyperventilation from the stiff lungs (possibly because of the "J-receptors") would be against an increase in arterial PCO2. But Because the interstitial space is continuous and under the influence of gravity, water seeps to the bottom of the lungs so that interstitial-fluid pressures are higher at the bottom than at the top of the lung. Also, forces at the surface of the lung are nonuniformly transmitted within its substance so that the interstitial pressures involved in water exchange are more subatmospheric around extraalveolar vessels than around pulmonary capillaries.29-31 That these irregularities in interstitial-fluid pressure influence local water exchange and pericapillary protein concentrations seems self-evident. Indeed, it is tempting to attribute some of the patchy patterns of acute pulmonary edema encountered clinically to such nonuniform interstitial pressures. On the other hand, even if pulmonary edema is originally spotty, in time the excess water tends to pool in the dependent areas of the lungs unless some local mechanism, such as lymphatic obstruction by fibrosis, arrests it, or unless heightened ventilatory efforts direct it, via lymphatic channels, toward systemic veins. The distribution of pulmonary edema during life is currently assessed by roentgenograms. As displayed by this technic, pulmonary edema is rarely uniform. Sometimes, particularly in chronic left ventricular failure, water has gravitated to the lung bases. Other times, especially soon after onset, the pattern may be "bat wing", or "butterfly" in distribution, so that the central portions of the lungs appear to be markedly edematous whereas the peripheral lower and apical parts of the lungs Circulation, Volume XLVI, August 1972 appear to be spared.36 37 Originally this pattern was considered to be the hallmark of "uremic pulmonary edema." In time, this pattern has proved to be much less specific.
Of the various mechanisms to which the "butterfly" pattern has been attributed, least debatable is the architectural difference between the hilar and peripheral portions of the lungs. This difference is so striking that some investigators have pictured the lung in terms of a kidney and have even described a "medulla" and "cortex."3638 The distinctive anatomy, in turn, has been held responsible for characteristic inhomogeneities in ventilation and lymphatic flow which could contribute to preferential localization of edema in the vicinity of the hilum of the lung.
Although the picture of the lung as a kidney is undoubtedly somewhat exaggerated, the anatomic inhomogeneities are undeniable. Not only do they suggest mechanisms by which drainage from the lung may be impaired, thereby favoring central stasis and accumulation of water, but they also encourage the notion that more water may be liberated into the interstitial spaces of the central than of the peripheral portions. For example, shorter path lengths of precapillary vessels near the hilus could favor central edema by predisposing to higher capillary pressures in the central than in peripheral portions of the lungs.
Our laboratory explored the possibility that precapillary resistances might not be uniform throughout the lungs.39 Using the intact, unanesthetized rabbit we found a remarkable redistribution in response to a variety of experimental manipulations and were able to induce preferential slowing of blood flow in some areas (regional vasoconstriction) while blood flow elsewhere in the lung was accelerating (regional vasodilatation). The implication of this observation for the genesis of pulmonary edema is that the transmission of pulmonary arterial pressure to pulmonary capillaries need not be uniform, and that areas of relative precapillary vasodilatation may contribute to regional pulmonary edema. In the section that follows, this possibility is 46 The net effect of these opposing influences is a wide, and unpredictable, range of pulmonary capillary and interstitial pressures in the lungs, particularly if protein-rich fluid stagnates in the interstitial space, and mechanical forces are misdirected because of local fibrosis.
Permeability Pulmonary Edema
Physiologic observations indicate that the alveolar epithelium is the least permeable component of the alveolar-capillary barrier, 5 21, 47 suggesting that interstitial edema and increased pulmonary lymphatic flow are regular antecedents of alveolar edema. One possible interpretation of these observations is that alveolar edema is a sequel to combined inadequacy of the reservoir function of the pulmonary interstitial space and the drainage function of the pulmonary lymphatics. As a corollary, alveolar edema can only be regarded as a late sign of excess water in the lungs. Moreover, increased pulmonary lymphatic flow need not be a reliable criterion that excess water is accumulating in the lungs even though it can be used to signify an increased rate of entry of water into the pulmonary interstitium (assuming that ventilation and experimental conditions remain unchanged).
In recent years, ultrastructural observations have provided strong morphologic support for the physiologic conclusions concerning permeability.
Pulmonary Capillaries
Electon microscopy of pulmonary capillaries has revealed a remarkably complicated structure even though they behave physiologically as though they were simple semipermeable membranes. Of particular interest with respect to permeability are the clefts between endothelial cells (approximately 200 A wide) which are narrowed at irregular distances from their capillary ostia to form "pores" or "junctions" corresponding to slits 40-50 A wide. Presumably, the entire endothelial surface is available for the movement of water, and of lipid-soluble substances. But, lipid-insoluble substances seem to traverse the endothelial wall via the endothelial clefts.48 Furthermore, because of the "pores" within the clefts, sieving occurs due, in large part, to molecular dimensions. Thus, large molecules (mol wt > 90,000) are arrested whereas smaller molecules (mol wt > 10,000) are sieved along the way.49 The sites of narrowing ("pores" or "junctions") have been identified as the "morphologic equivalent of small pores" postulated by physiologists, both with respect to their dimensions and the area of capillary surface that they occupy. 48 How the larger molecules (mol wt > 90, 000) cross the endothelium is much less certain: some investigators postulate the existence of a large "pore" system, consisting of few, exceedingly large "leaks" (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) "leaks"/ 100,000 pores). Others favor transport across the endothelium by vesicles ("pinocytosis").50 At the present time there is no way to resolve the dilemma of the large pores. However, our own experience, using tracers in the pulmonary circulation, supports the idea48 that the small pores (junctions) play an important role in determining the transport of The dimiensionis of the s-mall pores (junctionis) are niot fixed.? Inideed, in the pulmonary capillary they seem to be strongly inifluleniced by hydrostatic pressures:,-" at pulmoniary capillary pressures of less than 50 mm Hg, they arrest inert tracers such as stromafree hemoglobin (mol wt 64,000, radius about 30 A; fig. 5 ). At higher intraluminal pressure, however, the pores stretch, allowing the tracer to pour into the interstitial space ( fig. 6) . Obviously, the concept of stretchable pores blurs distinctions between large and small pores. It also underminies distinctions between hemodynamic and permeability pulmonary edema since the elevated hydrostatic pressures cause the pulmonary capillaries to become leaky. Moreover, once colloidal molecules enter the interstitium, the tendency for water to flow out of the vessel is enhanced.
Relative Permeabilities
In 1930 Rous, Gelding, and Smith, using diffusible dyes injected intravenously, adduced evidence for a greater permeability of the venular than of the arteriolar portions of the systemic capillary bed./ Indeed, in the systemic circulation, permeability increases down the vascular tree so that venules and veins are more peirneable than capillaries and arterioles.54
Applying this approach to the lungs, Boehm found in rats that preferential pulmonary vascular leakage did occur during pulmonary edema, the site varying with the agent that he used to induce edema.55 Others, using different approaches,3' have also shown that pulmonary vessels other than capillaries can leak, but the question of relative permeabilities is still in its infancy with respect to the lungs, and the extent to which this phenomenon influences the distribution of fluid in (fig. 6); i.e., permeability increases and increased lymphatic flow would be expected even though clinical pulmonary edema does not occur. 62 Besides, we have observed in the clinic that severe hypoxia, especially in association with respiratory acidosis, may be associated with pulmonary edema despite normal left heart pressures.
These observations suggest that in the normal lung that is adequately ventilated acute hypoxia increases the rate at which water enters and leaves the interstitial space. Presumably, the same phenomenon was observed by Drinker using lymphatic cannulation59 rather than inert tracers. Should severe hypoxia persist, interstitial and even alveolar edema may succeed the stage of alveolarcapillary leakage and increased lymphatic outflow. 64 Although it may be misleading to generalize about the pathogenesis of "shock lung," it would be an oversight to ignore the clinical syndrome of "shock lung," that follows a period of systemic hypotension and transfusions: during the period of systemic hypotension, parts of the lung are hypoperfused;67 treatment generally involves transfusions, particularly of crystalloidal solutions. It seems reasonable to attribute the pulmonary edema after recovery from the hypotensive state to a combination of leaky pulmonary vessels and overhydration. That arrest of pulmonary blood flow damages the lungs is well known; even more familiar is the overexpansion of the blood volume and extracellular fluid volumes that may complicate overzealous administration of noncolloidal solutions, particularly when restoration of the elaborately controlled systemic arterial blood pressure is the major guide to the quantity of transfused fluid.
Overdosage of Narcotic Agents Pulmonary edema may complicate an overdosage of heroin or methadone. In one characteristic syndrome, the patient is comatose, severely hypoxemic, and in respiratory acidosis because of severe ventilatory depression. On X-ray, the pulmonary edema is nonuniform in distribution. There are three popular explanations for the patchy pulmonary edema: (1) leakage of pulmonary capillaries (or other minute vessels of the lungs) effected by hypoxemia and acidosis, (2) Accordingly, the pathogenetic mechanisms that have been considered in previous sections seem to be operative in narcotic pulmonary edema associated with coma: pulmonary capillary hypertension (from left ventricular failure, and nonuniform transmission to the pulmonary capillaries of pulmonary arterial hypertension elicited by hypoxemia and acidosis), leaky pulmonary capillaries (from hypoxemia and possibly acidosis), and impaired lymphatic drainage (from depressed ventilation).
It is certain that not all types of narcotic pulmonary edema share this pathogenesis. Indeed, there is a strong likelihood that "street heroin" may include contaminants that are capable of exerting noxious effects of their own. Nonetheless, the prompt improvement of the patient with narcotic pulmonary edema and coma in response to assisted ventilation and adequate oxygenation emphasizes the likelihood that the pathogenetic sequence outlined above may apply. It also encourages further attempts to divest unconventional types of clinical pulmonary edema of their aura of mystery by considering pulmonary edema in terms of those mechanisms which ordinarily operate to maintain water (and protein) balance in the lungs and of derangements in the balance of these mechanisms which lead to the accumulation of excess water (and protein) in the lungs.
